Amino acids and peptides were labeled with liquid and solid tritium at 21 K and 9 K. At these low temperatures radiation degrada tion Is minimal, and tritium incorporation increases with tritium concentration and exposure timet Ring saturation in L-phenylalanlne does not occur. Peptide linkage in oligopeptides is stable toward tritium. Delodlnatlon in 3-iodotyrosine and 3,5-dilodotyroslne occurs readily and proceeds in steps by losing one iodine atom at a time. Nickel and noble metal supported catalyata when used as supports for dispersion of the substrate promote tritium labeling at 21 K. Our study shows that both liquid and solid tritiums are potentially useful agentB for labeling peptides and proteins.
INTRODUCTION
Tritium labeling by T-for-H exchange induced by radiation from tritium B decay at ambient temperature has been used for labeling polypeptides and proteins. 1 Labeling by radiation Induced methods can cause excessive degradation of the products. Radiation decom position manifests Itself only when molecular fragments formed originally by the passage of ionizing radiation move away by diffusion from the site of formation (the spur) and enter Into reaction with other fragments. These reactions are temperature dependent. At temperatures near absolute zero, molecular diffusion and migration are greatly reduced and chemical reactions requiring energy of activation will cease; these effects combine to minimize the radiation damage. Cholecalclferol (vitamin Da) 2 and oleate* when labeled at 77 K with tritium gas showed considerably less degradation than at 298 K.
At 21 K, the triple point, tritium gee condenses into liquid and at about 9 K into solid.^ One gram of tritium has 9,665 CI of radioactivity and will release 7.35xl0 21 eV of energy per hour. In the condensed form tritium can be used for labeling, but the cryogenic technology required for maintaining tritium in the liquid or solid form and the radiation safety procedures for handling high levels of tritium will be formidable. From both theoretical and practical points of view, labeling with liquid and solid tritium repre sents a new form of radiation induced labeling. Whether tritium incorporation will dominate over radiation degradation at these low temperatures or not Is a matter of pro found interest and speculation.
In the study reported here, ve have selected some amino acids and peptides for labeling with gaseous, liquid and solid tri tium in order to determine the characteristics of tritium labeling at near abaolute zero temperatures, especially with respect to the extent of dehalogenation, ring saturation, tritium incorporation and the stability of peptide bond.
EXPERIMENTAL METHODS
Samples of L-phenylalanine, L-tyroeine, 3-iodo-tyroslne, 3,5-dilodotyrosine, glycylglycyl-L-leucine, glycylglycyl-L-phenylalanine and leucine-enkephalin were dispersed, as previously described 5 on pellets (0.32 cm or 1/8 inch In diameter) of Bllica-alumlna catalyot aupport or of supported Nl catalyst. Each pellet contained approximately 0.5 og of the sample. The pellets were placed in a special liquid helium-cooled cryogenic sample cell (vide infra) operated at the Lawrence Livermore National Laboratory and were exposed (a) to gaseous tritium at 1.33XL0 1 * Pa at room temperature, at liquid nitrogen temperature or at 22 K, (b) to liquid tritium at about 21.0 K and (c) to solid tritium at about 9 K. After exposure and exhaustive evacuation to remove residual tritium gas, the labeled product was elutad off the treated pellet with water or dilute acid, freeze-drled to remove labile tritium, radioaasayed by liquid acintillacion counting and then analyzed.
Analysis of the labeled products was by gradlent-elutlon ceversed-phase HPLC on Radlsl-Pak uBondapak or Nova-pak C1B column (Waters), after precolumn derivatization with o-phthalaldehyde (OPA) 5 Table 1 shows the results of labeling Lphenylalanine with gaseous tritium at a pres- Sample analysis was partially delayed.
e The purified sample had activity which was insufficient for HFLC analysis.
sure of 1.33X10 11 Pa (100 torr) at room tempe rature (300 K), at liquid nitrogen temperature (77 K) and at the triple point of tritium (21 K). The radiochemical yields after removal of labile tritium by equilibration with water and freeze-drying varied from a few to hundreds of megabacquerels per sample* The labeled amino acids had specific activities ranging from a few to a hundred GBq/mmol, increasing with decreasing temperature of the tritium gas. The specific activity of labeled phenylalanine at 21 K is 10 times greater than that at 77 K which in turn is 6 times more than that at 300 K. The density of tritium gas is 5.4 mol/m 3 at 300 K, 20.6 mol/m 3 at 77 K and 246/mol/m 3 at 21.7 K. 6 Apparently, the specific activity of the [ 3 Hi ..-phenylalanine is a function of tritium gas in the cryogenic sample cell. Other factors may likely contribute to the low temperature enhancement of the specific acti vity.
In this study, no ring saturated product of phenylalanine was detected and only traces of saturated products of tyrosine were found, indicating that ring saturation is minimal In che labeling with gaseous, liquid or solid tritium at temperatures near absolute zero. In contrast, labeling of phenylalanine and tyrosine by microwave discharge activation of tritium gas has always resulted in the forma tion of ring aaturated by-product. 7 In general, the gross radiochemical yield and specific activity of [ 3 H]phenylalanlne exhibit an approximately exponential relation ship with increase in exposure time. The specific activity of labeled phenylalanine increased from 6.42 GBq/mmol for a 3 hour exposure to 55.50 GBq/omol for a 47 hour exposure to tritium gas at 21 K, and the corresponding radiochemical yield increased from 49.2 MBq to 518 MBq. This clearly demon strates that tritium incorporation is depen dent on exposure time. We will use specific activity rather than gross radiochemclal yield as a measure for tritium incorporation in the labeled substrate because the latter may include the yield of labeled by-products.
For equal exposure time, labeling with liquid and solid tritium is more efficient than labeling with gaseous tritium at 21 K. Liquid tritium has a density of 4,500 mol/m 3 and solid tritium 5,300 mol/m 3 . 6 In the condensed phase, more tritium will come in contact with the substrate than in the gas phase at 21 K. Radiation damage from the B decay of tritium at this low temperature is minimal. Even after exposure to solid tritium for 47 hours with accumulation of 1.79x10" eV of energy, the substrate phenylalanine showed no appreciable degradationIn comparison with L-phenylalanine, Ltyrosine showed less tritium incorporation, as indicated by the gross radiochemical yield. The p-hydroxyl hydrogen in Che phenyl ring of tyrosine is labile. Tritium Incorporated into that position is readily back-exchanged, lowering the specific activity accordingly. In addition, orientation of the -OH group in the tyrosine molecule adsorbed on silicaalumina support may also exert an effect on tritium incorporation. Table 2 shows the labeling of cripeptides glycylglycyl-L-leucine (CGI) and glycylglycyl-L-phenylalanlne (GGF) and the penca-pepdde leucine-enkaphalin with liquid and gaseous tritium at 21 K. GGL on exposure to liquid tritium for 20 minutes yielded labeled product with a specific activity of 3.06 GBq/mmol, which is higher than that of 2.63 GBq/mmol obtained by exposure to tritium gas at 21 K for 3 hourB. GGF when exposed to liquid tritium for 17 hours attained a specific activity of 54.54 GBq/mmol, as compared to 26.54 GBq/mmol from equal exposure to cricium gas at 21 k. The advantage of using liquid tritium over tritium gas at 21 K in peptide labeling is chat high specific activity can be achieved with shorter exposure. Tritium either as gas or liquid at this low tempera ture causes no disruption of the peptide bond.
The use of noble metal catalyses as supports favors tritium Incorporation; Ru catalysts appear to be more effective in this respect than Pt and Rh catalysts. The silicaalumina support has a strongly acidic surface and when dehydrated is a Lewis acid; exciced tritium from microwave discharge can adsorb on Its surface and act as an electrophile. The effect of the support acidity on the stability of blomacromolecules sc near absolute zero temperatures has to be investigated. Table 3 shows both the labeling and deiodlnation of 3-iodotyrosine and 3,5-dilodotyrosine with tritium gas at 21 K. 3-Iodotyrosine yielded [ 3 H]3-lodotyrosine and 1 3 H)tyrosine, the delodinaced product, In a ratio from 1:7 to 1:9, irrespective of whether Ni catalyst or silica-alumina was used as support. The radiochemical yield of [ 3 H]3-iodotyrosine decreased from 8.66% to 3.122 while its specific activity increased from 1.28 to 19.71 GBq/mmol for an exposure from 3 to 47 hour exposure. [ 3 H]Tyrosine, the delodlnated product, was formed in the carrierfree state with a specific activity of 1.073 TBq/mmol and radiochemical yield of about 59Z, for a 3 hour exposure. The yield decreased to 32Z at 47 hour exposure. The value of its specific activity is from cheory, becsuse che extremely small mass of ( 3 H1tyrosine prevents direct measurement. The specific activity may be decreased by the presence of extraneous tyrosine in the sample or enhanced by additi onal tritium incorporation besides the iodine substitution. that the deiodination of the diiodinaced tyrosine proceeded in steps, losing one iodine atom at a time. The critiated 3-lodotyroslne and tyrosine were formed, respectively, in the carrier-free state with a specific activity of 1.07 and 2.14 TBq/mmol. It is likely that their specific activity could vary with the presence of extraneous carriers and additional labeling as discussed above. The deiodination products were not accompanied by labeled by-products from ring saturation and were found cleaner than chose from deiodination by microwave discharge activation of tritium gas.
CONCLUSIONS
Labeling with liquid or solid tritium involves che handling of large amounts of tritium and advanced cryogenic technology and has not been previously attempted. The high concentrations of tritium required for label ing would have caused extensive radiation damage to the substrate and the labeled product, had the labeling been allowed to proceed at room temperature. At 21 K or lower, the reaction rate ia greatly reduced and the radiation damage becomes minimal. Tricium incorporation into the labeled amino acids and peptides increases with exposure time and can attain specific activities in the range of tens and hundreds of GBq/mmol with the labeled products relatively free of by products and radioimpuritles. Ring satura tion, which occurs readily in the labeling of L-phenylalanine and L-tyrosine with activated species of tritium generated by microwave discharge activation of tritium gas, did not occur in the present study. Deiodination of 3-iodotyrosine and 3,5-diiodocyrosine was found to occur in a stepwise manner, and the labeled products were unadulterated with tritiated by-products. The ability of Nl and other noble metal catalysts to enhance tritium incorporation in amino acids and peptides as compared with silica-alumina indicated that their catalytic action persisted down to liquid hydrogen temperature.
Reaction mechanisms for tritium labeling at the low temperatures remains speculative. That the specific activity of the labeled product approximately parallels the tritium concentration indicates that the rate may be first order in tritium concentration. The low temperature precludes the dominance of ArrhenluJ type reactions. Reactions requiring the energy of activation will be greatly reduced In favor of reactions that are temper ature Independent. 9 ' 10 The low temperature also favors exothermic reactions. Electron tunneling, proton tunneling, actlvationleas Ion-molecule reactions 9 ' 10 and "hot" molecule reactions 11 are all probable. For example, deiodination at temperatures near absolute zero requires heavy atom migration-It may involve electron tunneling to facilitate the dissociation of the C-I bond to form I' ion followed by recombination with tritium, or the heavy atom facilitates intersystem crossing to form a triplet and then to undergo deiodina tion. The tritium B decay energy dissipates in the medium and may create ions, atoms, radicals and "hot" molecules thst can directly participate in reactions to achieve labeling. Vibrational assisted tunneling (VAT) 11 la also possible. The results of our study Buggest that liquid and solid tritiums are potentially useful agents for labeling peptides and proteins. Other aspects of tritium labeling at temperatures near absolute zero, related to the use of metal catalyst to promote labeling, the behavior of substrate aupport for dispersion and the stability of sensitive biomolecules on support need to be further explored,
